Mitochondria are a class of dynamic organelles that constantly undergo fission and fusion. Mitochondrial dynamics is governed by a complex molecular machinery and finely tuned by regulatory proteins. During cell injury or stress, the dynamics is shifted to fission, resulting in mitochondrial fragmentation, which contributes to mitochondrial damage and consequent cell injury and death. Emerging evidence has suggested a role of mitochondrial fragmentation in the pathogenesis of renal diseases including acute kidney injury and diabetic nephropathy. A better understanding of the regulation of mitochondrial dynamics and its pathogenic changes may unveil novel therapeutic strategies.
Introduction
Mitochondria are the main energy-producing organelles in mammalian cells, but they also play a central role in cell injury and death signaling. The dysfunction of mitochondria induces the loss of cellular homeostasis that contributes to sublethal injury. Severe damage of mitochondria, in the form of permeabilization of inner and/or outer membranes of the organelles, can further lead to cell death. Research during the last few years has revealed a striking morphological change of mitochondria during cell injury, i.e., mitochondrial fragmentation. Importantly, mitochondrial fragmentation is not just a morphological change, but also an early and critical process contributing to mitochondrial membrane leakage and consequent cell death. In kidney cells and tissues, mitochondrial fragmentation has been demonstrated in the experimental models of acute kidney injury as well as diabetic nephropathy. In this review, we elucidate the regulation of mitochondrial dynamics and how its changes result in mitochondrial fragmentation during cell injury and stress. We present the evidence for an emerging role of mitochondrial fragmentation in the pathogenesis of kidney diseases. The mechanism whereby mitochondrial fragmentation contributes to cell death is also discussed. We propose that maintenance of mitochondrial dynamics may lead to the preservation of mitochondrial integrity and prevention of cell death and tissue damage, resulting in a novel therapy for relevant diseases.
Mitochondrial dynamics
In traditional textbooks, mitochondria were depicted as a class of cellular organelles with mixed morphologies, 'mitos' for threads and 'chondron' for grains in Greek. However, it has been recognized recently that mitochondria are highly dynamic, constantly undergoing fission and fusion. Fission results in the production of short mitochondrial rods or spheres. On the contrary, fusion promotes a long, filamentous morphology of mitochondria ( Figure  1 ). 1, 2 Under physiological conditions, the frequencies of fusion and fission events are finely tuned and balanced to maintain mitochondrial homeostasis. Under intra-or extra-cellular stresses, this balance is disrupted, resulting in the cleavage of mitochondria from an elongated network into small spheres or short rods, i.e., mitochondrial fragmentation. 3 The intensive research during the last decade has gained significant insights into the molecular basis of mitochondrial dynamics as well as their involvement in many biological processes such as apoptosis, autophagy, metabolism, development and ageing. [3] [4] [5] [6] It is now recognized that the dynamic nature of the double membrane-bound organelles is crucial not only for the maintenance of mitochondrial shape but also for their function, inheritance and quality control. 1, 7 The molecular machinery governing mitochondrial dynamics was initially discovered in budding yeasts and Drosophila. 8, 9, 10 Subsequent work identified the mammalian orthologs of the key proteins of mitochondrial dynamics, indicating a highly conserved mechanism. 11, 12 These include the fission mediators (Fis1 and Drp1: Dnm1 in yeast) and the fusion proteins (Mfn1, Mfn2 and OPA1: Fzo1 and Mgm1in yeast) ( Figure 1 ). Defects in these proteins lead to severely altered mitochondrial morphology as well as impaired mitochondrial function, loss of mitochondrial DNA (mtDNA) integrity and eventually cell death. In mammals, including humans, defects in either mitochondrial fission or fusion proteins causes developmental defects and neurological anomalies or neurodegenerative diseases. 13, 14 
Mitochondrial fission machinery
Drp1 is a large GTPase of the dynamin superfamily that plays an essential role in mitochondrial fission in mammalian cells. Structurally, Drp1 contains an N-terminal GTPase domain, a central domain and a c-terminal GTPase effector domain ( Figure 2A ). 15 In un-stressed cells, Drp1 is mainly cytosolic. When activated, Drp1 accumulates to mitochondria, localizing to the fission sites of mitochondrial outer membrane (MOM), where they oligomerize to form spirals to drive MOM constriction and cleavage ( Figure  2B ). 16, 17 Interestingly, after mitochondrial fission, Drp1 returns to the cytosol and as a result, it cycles between the cytosol and its target membrane. 18 The activation and translocation of Drp1 as well as its shuttling between cytosol and mitochondria are regulated by mechanisms of post-translational modifications including phosphorylation, ubiquitylation and sumoylation. 19 In addition, recruitment of Drp1 to mitochondria may also involve its interaction with Fis1. 19 Blockade of Drp1 by dominant-negative mutants or by siRNA-mediated down-regulation can suppress mitochondrial fission, leading to elongated mitochondria; conversely, overexpression of Drp1 results in mitochondrial fragmentation, indicating the requisite of Drp1 in mitochondrial fission. 18, 20 The physiological significance of Drp1 in mammals and humans is clearly established by a recent report that a dominant-negative mutation in Drp1 was associated with defects in the fission in both mitochondria and peroxisomes resulting in abnormal brain development, optic atrophy and premature death of a newborn girl. 14 In Huntington's disease, the mutant huntingtin protein may interact with Drp1 to enhance its enzymatic activity, resulting in mitochondrial fragmentation, which subsequently impairs the transport of mitochondria and reduces neuronal survival. 21 In mice, ablation of Drp1 led to defects in embryonic development and synapse formation, particularly in the forebrain. 22 Fis1 is another key component of the mitochondrial fission machinery in mammalian cells. As a small membrane protein, Fis1 is evenly anchored on the outer membrane of mitochondria through a single C-terminal transmembrane domain with its N-terminal region facing the cytosol (Figure 2 ). The cytosolic domain of Fis1 forms a six-helix bundle that includes two central tandem tetratricopeptide repeats (TPRs), which may facilitate specific protein-protein interactions. 23, 24 Overexpression of Fis1 promoted mitochondrial fission resulting in mitochondrial fragmentation, followed by the release of cytochrome c and ultimately apoptosis. 25 Knockdown of Fis1 via siRNA induced mitochondrial fusion and inhibited apoptosis. 26 It has been suggested that Fis1 may act as a receptor protein for Drp1 on the outer membrane of mitochondria ( Figure 2B ). 19 In addition to Drp1 and Fis1, recent work has suggested the involvement of several accessory proteins in mitochondrial fission. For example, Bif-1 or endophilin B1 was originally identified as a Bax interacting protein that facilitated Bax activation and the release of cytochrome c release during apoptosis. 27, 28 However, Bif-1 contains a BAR domain with homology to endophilins and translocates to mitochondria during mitochondrial fission. 27, 29, 30 Moreover, knockdown of Bif-1 induced a dissociation of the outer membrane from the inner membrane in mitochondria and the formation of an aberrant mitochondrial morphology, suggesting a role of Bif-1 in mitochondrial fission. 30 In addition, MTP18, a novel nuclear-encoded mitochondrial membrane protein, has been implicated in controlling mitochondrial fission through recruitment of Drp1 to mitochondrial outer membrane. 31 Future work should investigate how these proteins participate in mitochondrial fission and whether their involvement is direct or indirect.
Mitochondrial fusion machinery
The basic components of the mitochondrial fusion machinery in mammalian cells include mitofusin 1 (Mfn1), mitofusin 2 (Mfn2) and Optic Atrophy 1 (OPA1). Similar to Drp1, these three fusion proteins are all large GTPases that belong to the dynamin superfamily ( Figure  3A ). Mfn1 and Mfn2 are localized to mitochondrial outer membrane (MOM) to mediate MOM tethering of adjacent mitochondria for fusion. On the contrary, OPA1 is localized on mitochondrial inner membrane (MIM) to act as a key to MIM fusion ( Figure 3B ). Successful mitochondrial fusion requires a coordinated action of Mfns and OPA1, although it is unclear how the molecular events at MOM are co-ordinated with those at MIM. 32 The mitochondrial fusion function of Mfns was first revealed in mammals in 2001. 33 Mfn1 and 2 share a similar molecular structure that contains an N-terminal GTPase domain, two transmembrane domains spanning the MOM and separating two heptad repeat regions (HR1 and HR2, Figure 3A) . 33 The C-terminal HR2 functions in mitochondrial tethering. Specifically when Mfn1 and 2 form homo-or hetero-dimers to tether the outer membranes of adjacent mitochondria together, the HR2 region mediates mitofusin oligomerization by assembling a dimeric, antiparallel coiled coil ( Figure 3B ). 34 The GTPase domain of mitofusins performs an imperative action in the subsequent fusion process. 35 It is noteworthy that Mfn1 exhibits much higher GTPase activity than Mfn2 during GTPdependent membrane tethering. 36 In addition, a genetic analysis has suggested that OPA1 functionally requires Mfn1 (but not Mfn2) to regulate mitochondrial fusion. 32 The studies indicate that Mfn1 and 2 may have distinct functions in mitochondrial fusion. It has been suggested that Mfn1 is the main tethering protein while Mfn2 may play a regulatory role. 3, 37 Mfn1 or 2-deficient cells are defective in mitochondrial fusion, which is accompanied by severe cellular defects including widespread heterogeneity of mitochondrial membrane potential, decreased cellular respiration, and poor cell growth and proliferation. 38 Germline knockout of Mfn1 or 2 in mice results in embryonic lethality, indicating a role of the genes in development. 39 In human, mutations in Mfn2 cause Charcot-Marie-Tooth type 2A, an autosomal dominant hereditary disease characterized by axonal neuropathy and neurodegeneration. 40 In mice, conditional knockout of Mfn2 from neurons results in massive Purkinje cell degeneration and defects in postnatal development of the cerebellum, suggesting an essential role of Mfn2 in mitochondrial distribution and outgrowth of dendritic spines in Purkinje cells. Further in vitro analysis showed a variety of defects in Mfn2-null Purkinje cells including the electron transport chain dysfunction, lack of mtDNA nucleoids as well as disturbance of mitochondrial ultrastructure. 41 These studies have thus provided insight into the cellular mechanisms through which impaired mitochondrial fusion links to severe defects in cell respiration in neurodegenerative disorders. More recently, conditional knockout studies further demonstrated that the Mfn-mediated fusion event is required to maintain mtDNA stability and fidelity in skeletal muscle as well as enable cells to tolerate high levels of mtDNA mutations. It is concluded that a proper mitochondrial dynamics may be a protective factor in human disorders associated with mtDNA mutations. 42, 43 While Mfns are known as mitochondrial fusion proteins, they may have pleiotropic effects. For example, it has been shown that Mfn2 may function as a cell proliferation suppressor which is independent of its mitochondrial fusion activity, and down-regulation of Mfn2 results in vascular proliferative disorders such as atherosclerosis. 44 Mfn2 is also enriched at the endoplasmic reticulum (ER)-mitochondria interface, where it tethers ER to mitochondria and facilitate their interactions for efficient mitochondrial Ca(2+) uptake. 45 More recently, Hailey et al. showed that disruption of mitochondria/ER connections by Mfn2 depletion dramatically impairs starvation-induced autophagy. 46 In this regard, Mfn2 tethering activity is therefore necessary for autophagosome formation during starvation, in addition to the inter-organelle communication during Ca2+ signaling. It is noteworthy that some of the described pleitropic effects may be secondary to Mfn-mediated mitochondrial fusion.
The complexity of mitochondrial dynamics, including both fission and fusion, lies in part on the double-membrane structure of the organelles. It has been suggested that mitochondrial fusion starts from the outer membrane tethering and fusion, followed by inner membrane fusion. While outer membrane fusion involves Mfns as discussed above, the fusion of inner membrane is mediated by OPA1. 47 OPA1 was discovered in 2000 as the gene mutated in autosomal dominant optic atrophy, the most common cause of hereditary optic neuropathy. 48, 49 Structurally, OPA1 contains a mitochondrial targeting sequence at the Nterminus, a GTPase effector domain at the C-terminus, and other functional regions inbetween ( Figure 3A) . The human OPA1 gene yields eight mRNA isoforms as a result of extensive alternative splicing at the N-terminal portion. 50 These spliced transcript variants are further processed into long and short (L and S) forms. Both L-and S-OPA1 participate in mitochondrial fusion and as a result, the proteolysis or cleavage of L-OPA1 induces fusion arrest during mitochondrial fragmentation. 51 In addition to its pro-fusion activity, OPA1 is critical to the maintenance of the cristae and preservation of cytochrome c in mitochondria. During apoptosis, the proteolysis of L-OPA1 induces the remodeling of mitochondrial cristae to release cytochrome c from the cristae into the intermembrane space for subsequent leakage through the outer membrane. 52 Presenilin-associated rhomboid-like (PARL), an inner mitochondrial membrane rhomboid, was suggested to be responsible for the proteolytic cleavage of OPA1 under certain conditions of mitochondrial stress or apoptosis. 53 However, more recent studies have established a crucial role of OMA-1 in OPA1 cleavage during apoptosis. [54] [55] [56] [57] In addition to mitochondrial regulation in cell death, OPA1 contributes to the maintenance of mitochondrial electron transport chain 58 and mtDNA stability. 59, 60 These physiological functions of OPA1 may be related to its activity in mitochondrial fusion.
Mechanisms leading to mitochondrial fragmentation in cell injury
The mechanism of mitochondrial fragmentation during cell injury and apoptosis is being actively investigated. It is generally understood that the pathological fragmentation may be a combined result of the activation of fission and suppression of fusion. However, the signaling pathways leading to the changes of mitochondrial dynamics are largely unclear and may vary according to the cellular context. In this aspect, recent studies have implied the involvement of Bcl2 family proteins, Drp1, and Ca 2+ /calcineurin-mediated dephosphorylation. Reactive oxygen species (ROS) and mitochondrial permeability transition (MPT) may also contribute to the alterations of mitochondrial dynamics in pathological conditions ( Figure 4 ).
Bcl-2 family proteins
Characterized by the presence of Bcl-2 homology (BH) domain(s), Bcl-2 family proteins are divided into three groups: a) multi-BH domain anti-apoptotic proteins such as Bcl-2 and Bcl-xL; b) multi-BH domain proapoptotic proteins including Bax and Bak; and c) BH3-only proteins like Bid and Bad that contains only one BH domain, the BH3. 61, 62 Bcl-2 family proteins are recognized as the central regulators of mitochondrial integrity during cell injury and death. In this regard, Bax and Bak provide the requisite gateway of MOMP, which is inhibited by Bcl-2/Bcl-xL under normal conditions and activated by BH3-only proteins during apoptosis. Interestingly, recent research has revealed the regulation of mitochondrial dynamics by Bcl-2 family proteins. Especially, Bax and Bak regulate mitochondrial dynamics under both physiological and pathological conditions. In 2002, Karbowski et al. revealed that Bax coalesces with Drp1 and Mfn2 into discrete foci at the mitochondrial fission sites during apoptosis, suggesting a possible role of Bax in the regulation of these proteins and mitochondrial dynamics. 63 It was shown later that Bax and Bak are required for mitochondrial morphogenesis in normal healthy cells. Specifically they may promote mitochondrial fusion by regulating Mfn2 complex assembly, membrane mobility and distribution on the outer membrane. 64 During apoptosis, however Bax and Bak were suggested to promote mitochondrial fragmentation by stimulating the sumoylation of Drp1and its association of Drp1 with mitochondrial membranes. 17 In 2007, we reported a unique role of Bak in promoting mitochondrial fragmentation during apoptosis. 65 In a variety of apoptotic models, mitochondrial fragmentation was shown to be attenuated in Bak-knockout cells, but not in Bax-knockout cells. Reconstitution of Bak into Bak/Baxdouble knockout cells could restore a rapid mitochondrial fragmentation, whereas reconstitution of Bax was much less effective. In addition, Bcl-2 and Bcl-XL could partially, but significantly suppress mitochondrial fragmentation, and their inhibitory effects required the presence of Bak. Mechanistically, Bak was shown to interact with both Mfn1 and 2 in unstressed cells. During apoptosis, Bak dissociated from Mfn2 to increase the association with Mfn1 resulting in the inhibition of mitochondrial fusion ( Figure 5 ). Notably, mutation of Bak in its BH3 domain prevented Bak dissociation from Mfn2 and diminished its mitochondrial fragmentation activity. 65 Our latest work further demonstrated that mitochondrial fragmentation induced by renal ischemia is diminished in Bak-knockout mice (Wei and Dong, unpublished). Thus Bcl-2 family proteins participate in the regulation of mitochondrial dynamics, which is centered on Bax and Bak and their interactions with the key proteins in the mitochondrial fission-fusion machinery.
Drp1 activation
The role of Drp1 in mitochondrial fission or fragmentation has been well established. For example, Drp1 is activated rapidly following acute kidney cell injury and translocates to mitochondria leading to mitochondrial fragmentation. 66 The research in the last few years has gained important insight into the regulatory mechanisms of Drp1. Especially, posttranslational modifications, including phosphorylation [67] [68] [69] [70] , dephosphorylation 71, 72 , ubiquitination 73 , sumoylation 17, 74 and S-nitrosylation 75 Taguchi et al. demonstrated the phosphorylation of Drp1 by Cdk1/cyclin B on Ser616, which promotes mitochondrial fission during mitosis. 68 The cell cycle-dependent activation of Drp1 is important for mitochondrial division and subsequent distribution to daughter cells. While the phosphorylation at Ser616 is physiological, Drp1 phosphorylation at Ser637 (on human Drp1 variant 1) appears to be more pathological. [67] [68] [69] [70] Interestingly, Drp1 phosphorylation at Ser637 can be mediated by distinct protein kinases. Even more puzzling is that Drp1 phosphorylation at Ser637 by different protein kinases results in completely different or opposite effects. Protein Kinase A (PKA)-mediated phosphorylation of Drp1 leads to the suppression of mitochondrial fission culminating in a filamentous morphology and resistance to apoptosis, 67, 69 whereas phosphorylation of Drp1 by Ca2+/calmodulindependent protein kinase alpha (CaMKI) activates mitochondrial fission. 70 More recently, Danesh and colleagues demonstrated that Rho-associated coiled coil-containing protein kinase 1 (ROCK1) phosphorylates Drp1 under high-glucose stimulation, resulting in Drp1 translocation and mitochondrial fission. 76 The basis of these obvious discrepancies is still unclear. Nevertheless, dephosphorylation of Drp1 Ser637 by calcineurin, a Ca 2+ -activated phosphatase, promotes Drp1 translocation to mitochondria and mitochondrial fragmentation, sensitizing cells to apoptosis. 69, 71 In line with these observations, we recently detected Drp1 dephosphoylation at Ser637 during ATP-depletion in renal tubular cells and ischemiareperfusion in kidney tissues. 72 Moreover, inhibitors of calcineurin prevented Drp1 dephosphorylation, accompanied by that the inhibition of mitochondrial fragmentation, MOMP, and apoptosis. Thus, Drp1 dephosphorylation may contribute significantly to mitochondrial fragmentation during renal tubular cell apoptosis. In renal tubular cells, Nowak et al. recently reported PKC-ε-mediated cell death, in which Drp1 was shown to translocate to mitochondria prior to mitochondrial fragmentation, but it is unclear whether Drp1 is phosphorylated directly by PKC-ε. 77 On the other hand, in neurons PKCδ can phosphorylates Drp1 at Ser579 inducing mitochondrial fragmentation to contribute to cell death under oxidative stress. 78 Thus, depending on the experimental condition Drp1 may be phosphorylated at multiple sites by different protein kinases, resulting in either inhibition or activation of mitochondrial fission.
In addition to phosphorylation, ubiquitination of Drp1 by MARCH5, a mitochondrial E3 ubiquitin ligase, enhances the subcellular trafficking of Drp1 to mitochondrial scission sites resulting in mitochondrial fission. 73 Sumoylation of Drp1 has also been reported to stabilize Drp1 to induce mitochondrial fragmentation and apoptosis. 17, 79 More recently, Snitrosylation has been shown to increase Drp1 dimer formation and GTPase activity, leading to mitochondrial fission or fragmentation during nitric oxide-induced neuronal synaptic injury and death, suggesting a novel pathogenic mechanism of neurodegeneration. 75 Whether these post-translational modifications regulate Drp1 in kidney cells and tissues have yet to be investigated.
Ca2+/calcineurin
Perturbation of Ca2+ homeostasis plays a crucial role in cell injury and death. 80 Physiologically, mitochondria are involved in the maintenance of Ca2+ homeostasis by buffering cytosolic Ca2+ when it rises to high levels. However, excessive Ca2+ overload in mitochondria may lead to mitochondrial damage, resulting in cell injury and death. 80 While previous research emphasized Ca2+ overload-induced mitochondrial disruption, recent emerging evidence has illustrated a regulation of mitochondrial dynamics by Ca2+ and calcineurin, a Ca2+-activated phophatase. In 2008, Cereghetti et al. demonstrated that sustained Ca2+ rise in cytosol can induce mitochondrial fragmentation in a Drp1-dependent manner. 71 Further detailed investigation revealed an Drp1/calcineurin interaction and importantly, high cytosolic Ca2+ was shown to activate calcineurin to directly dephosphorylate Drp1 at Ser637, leading to Drp1 activation and translocation to mitochondria to induce mitochondrial fission and fragmentation. 69, 71 In renal tubular cells 
Reactive Oxygen Species
Mitochondria are known to be a major intracellular source of ROS. Under pathological conditions, uncoupling of oxidative phosphorylation and loss of mitochondrial membrane integrity induce excessive ROS production from the respiratory chain especially at the Complex I and III. On the other hand, mitochondria are also a critical target of the damaging effects of ROS. Oxidative damage leads to mitochondrial dysfunction and disruption, triggering mitochondrial permeability transition and/or the release of pro-apoptotic proteins like cytochrome c to induce cell death. 83 Recent studies have determined the relationship between ROS production and mitochondrial dynamics in several experimental models. In neurons exposed to oxidative stress and diabetic coronary endothelial cells, increased ROS production was shown to be accompanied by the disturbance of mitochondrial dynamics, resulting in mitochondrial fragmentation and cell death. 84, 85 Importantly, mitochondrial fragmentation in these experimental models was suppressed by ROS scavengers, indicating that ROS might serve as a direct initiator of the mitochondrial change. 84, 86 It was suggested that ROS may regulate mitochondrial fission-fusion proteins to result in mitochondrial fragmentation. 86 In line with this idea, Qi et al. recently demonstrated that PKC-δ was activated under oxidative stress and phosphorylates Drp1, leading to Drp1 activation and mitochondrial fragmentation 78 . Notably, in some of these studies, tilting of mitochondrial dynamics (overexpression of Drp1 or Mfn2) did not affect ROS generation, negating a role of mitochondrial fragmentation in ROS production. 84, 85 Conversely, Yu et al. reported an important role of the disturbance of mitochondrial dynamics in ROS production. They showed that in cells cultured with high glucose, mitochondria underwent rapid fragmentation, which induced ROS production. Importantly, inhibition of mitochondrial fragmentation prevented ROS production under this condition, supporting a critical role for the alterations of mitochondrial dynamics in ROS production. 87, 88 These findings were recently extended by Shenouda et al, showing that in diabetic ambience, down-regulation of Fis1 or Drp1 with siRNA (inhibiting mitochondrial fission) could inhibit ROS production and nitric oxide synthase activation in human endothelial cells 89 . In renal tubular cells, Nowak et al. demonstrated that Protein kinase C-ε activation induced mitochondrial fragmentation and ROS production and, the attenuation of ROS with antioxidants did not prevent mitochondrial fragmentation, suggesting that ROS is not the triggering mechanism of mitochondrial fragmentation in this model. 77 This is consistent with the viewpoint that increased mitochondrial ROS is a consequence, not the cause of mitochondrial fragmentation. 89 Thus there is a complex interaction between ROS and mitochondrial dynamics. In some experimental models, ROS may be the triggering event of mitochondrial fragmentation, but in others mitochondrial fragmentation may lead to mitochondrial dysfunction and ROS production. It is also conceivable that under certain conditions, these two events may exacerbate each other to form a vicious cycle ultimately resulting in cell injury and death.
Mitochondrial Permeability Transition
Mitochondrial permeability transition (MPT) is characterized by the opening of the MPT pore in the inner mitochondrial membrane, which allows for solutes of less than 1.5 KD to pass. MPT is recognized as a key event in cell death, especially necrosis. MPT can be triggered by multiple factors such as elevated mitochondrial Ca2+, increased ROS and a variety of lipid metabolites. Persistent MPT leads to the loss of mitochondrial membrane potential, mitochondrial swelling, outer membrane rupture and consequent release of apoptogenic factors. 90, 91 The exact composition of the MPT pore complex remains ambiguous but it is generally accepted that the basic unit of the pore contains the adenine nucleotide translocator (ANT), voltage-dependent anion channel (VDAC), and cyclophilin D (CypD), a prolyl isomerase located within the mitochondrial matrix. It is believed that upon stimulation, these proteins form a complex in the inner membrane resulting in the opening of the MPT pore. 83, 92 MPT has been shown to be involved in renal cell injury and death under numerous forms of insults including ischemia-reperfusion injury, oxidative stress, nephrotoxicity, Ca 2+ overload, etc. Notably, CypD is widely accepted as a critical mediator of MPT in cell death, especially in necrosis. 90, [93] [94] [95] Transgenic mice overexpressing CypD undergo mitochondrial swelling and spontaneous cell death, whereas CypD knockout mice are developmentally normal but are protected from ischemia-reperfusion injury in heart, brain and kidneys 90, [93] [94] [95] [96] . Using the model of hypoxic injury in renal tubules, Weinberg and colleagues recently revealed a new and important regulatory mechanism of MPT via nonesterified fatty acids. It was suggested that nonesterified fatty acids accumulated during kidney injury sensitize mitochondria to MPT. 96, 97 Despite the recognized role of MPT in mitochondrial disruption, whether and how it is related to alterations of mitochondrial dynamics is unknown. Decades ago, it was reported that Ca2+ uptake stimulated drastic changes in mitochondrial morphology and functional activity owing to the opening of MPT pore, implying that MPT may disturb mitochondrial dynamics. 83, 98 On the other hand, it is conceivable that pro-longed changes of mitochondrial dynamics may trigger irreversible mitochondrial dysfunction and disruption including MPT. It is noteworthy that MPT mainly occurs as an inner membrane event, whereas the current research of mitochondrial dynamics is largely limited to outer membrane. It is thus important to understand the dynamic regulation of inner membrane, which is more proximate to MPT.
Mechanisms whereby mitochondrial dynamics or its disruption contributes to mitochondrial damage and cell death Outer membrane permeabilization-MOMP
Despite some controversies, it is now generally accepted that mitochondrial fragmentation plays a crucial role in mitochondrial injury during cell death, especially in outer membrane permeabilization (MOMP). It has been puzzling how the fragmentation, a seemingly morphological change, contributes to MOMP and loss of mitochondrial integrity. In this regard, the research in the last few years has gained significant insights.
In 2007, when a role of Bak (and not Bax) in mitochondrial fragmentation was unveiled, we postulated that these two proteins may function at two different yet connected stages of mitochondrial injury. 65 Specifically, we proposed a "two-hit" hypothesis, in which Bak triggers the first hit, i.e. mitochondrial fragmentation, followed by the second hit that involves Bax activation and formation of pathological pores in mitochondrial outer membrane ( Figure 4) . 65, 99 In this hypothesis, mitochondrial fragmentation is postulated as a likely process that facilitates Bax activation in mitochondrial membrane. Moreover, it emphasizes a collaborative action of Bak and Bax in promoting MOMP. In line with this notion, in a variety of apoptotic models neither Bak nor Bax alone is sufficient to induce maximal cytochrome c release (indicative of MOMP), which requires both molecules. 65, 100 While this hypothesis proposed non-redundant, collaborative roles of Bax and Bak in the development of MOMP, it was then not clear at all how mitochondrial fragmentation contributes to Bax regulation and MOMP. Our latest study 101 demonstrated that preservation of filamentous mitochondria by either blocking mitochondrial fission or enhancing mitochondrial fusion can suppress Bax insertion and oligomerization in mitochondrial membrane. Moreover, mitofusin-null cells with fragmented mitochondria are highly sensitive to Bax insertion and oligomerization in mitochondrial membrane resulting in increased MOMP and apoptosis. Notably, mitochondrial morphology does not affect Bax accumulation in mitochondria under these conditions. Together, these results suggest that the alteration of mitochondrial dynamics and consequent mitochondrial fragmentation contribute to MOMP at least partially by facilitating Bax insertion and activation in mitochondrial membrane. 101 Consistently, Gall and colleagues showed very recently that kidney epithelial cells isolated from conditional Mfn2-knockout mice have fragmented mitochondria and are more sensitive to Bax activation, MOMP and apoptosis during metabolic stress. 102 While these studies did not elucidate why fragmented mitochondria are sensitized to Bax activation, we postulated that the changes in biophysical and biochemical properties of mitochondrial membrane during mitochondrial fission or fragmentation may result in changes of membrane curvature as well as the related proteins and lipids that may facilitate Bax insertion and oligomerization. 65, 99 Such a scenario is supported by the recent study from Montessuit et al. 103 , which specifically delineated the mechanism whereby Drp1 contributes to MOMP during apoptosis. Using an in vitro liposome reconstitution system, this study revealed that Drp1 promotes Bax oligomerization by triggering membrane tethering and hemifusion. Importantly, during apoptosis-associated mitochondrial fragmentation, Drp1 may constrict the mitochondrial outer membrane resulting in the formation of similar intermediate membrane structures to induce Bax oligomerization.
Indeed, expression of a Drp1 mutant lacking the membrane remodeling activity decreased Bax oligomerization, MOMP, and apoptosis. Thus, the changes of membrane property induced by mitochondrial fragmentation, rather than mitochondrial fission-fusion proteins (eg. Drp1) per se, play a critical role in Bax activation and MOMP, a conclusion supported by our latest work. 99 
Cristae remodeling
In addition to MOMP, the release of apoptogenic factors from mitochondria also depends on the remodeling of mitochondrial cristae, the inner membrane structure. 52, 104 This is particularly true for cytochrome c because ~85% of the molecule is sequestered within the mitochondrial cristae and as a result, its release requires the opening of the cristae. Indeed remodeling of mitochondrial cristae has been documented in several apoptotic models, which is characterized by the fusion of individual cristae and the widening of cristae junctions resulting in the opening into the intermembrane space for cytochrome c release. [104] [105] [106] Recent studies have documented mitochondrial cristae remodeling during apoptosis by mitochondrial dynamics proteins. 52, 105 In 2006, two groups independently reported the role of OPA1 in cristae remodeling during apoptosis 52, 53 . It was shown that OPA1, the profusion protein on the inner membrane, existed as both long and short forms, which interacted and oligomerized to tighten the cristae junctions. Down-regulation of OPA1 or disruption of OPA1 oligomers not only caused mitochondrial fragmentation but also disrupted normal cristae structure. Interestingly, lack of PARL, the enzyme for OPA1 processing, did not affect mitochondrial fusion but accelerated OPA1-dependent cristae remodeling and cytochrome c release during apoptosis. Thus, OPA1 may govern the remodeling of mitochondrial cristae independently from its regulation of mitochondrial fusion. 52, 53, 107 Somewhat surprisingly, Drp1, the outer mitochondrial membrane fission protein, has also been implicated in the remodeling and opening of mitochondrial cristae. 105 Suppression of Drp1 by expressing its dominant-negative mutant was shown to block mitochondrial cristae remodeling induced by Bik, whereas complete release of cytochrome c was induced by the combination of cristae remodeling, mitochondrial fragmentation, and Bax activation. 105 It is unclear how Drp1 affect the remodeling of cristae. However, Estaquier et al. 108 suggested that inhibition of mitochondrial fission may block the release of soluble OPA1, which is required for cristae remodeling and cytochrome c release from mitochondria. In essence, Drp1 may contribute to cristae remodeling indirectly via OPA1.
These findings suggest that mitochondrial fragmentation during apoptosis may affect cristae remodeling. 109, 110 We speculate that cristae remodeling is a key event induced by mitochondrial fragmentation for the release of apoptogenic factors, such as cytochrome c. Apparently, the molecular basis linking these structural changes is largely unknown and deserves further in-depth investigation.
Respiration and ATP production
Mitochondrial dynamics is critical to the maintenance of mitochondrial homeostasis and function. As such, disruption of mitochondrial dynamics may induce acute mitochondrial damage, such as MOMP and cristae structural damage as discussed above, resulting in cell death. When the insult is not severe enough to kill mitochondria and the cell immediately, an alteration in mitochondrial dynamics is often accompanied by respiration defects, decreased cellular ATP, and increased mitochondrial ROS production followed by oxidative damage. 111 In 2003, Bach and colleagues reported that knock-down of Mfn2 led to the reduction of glucose oxidation, mitochondrial membrane potential and cell respiration, resulting in less oxidative phosphorylation and increased dependency on anaerobic glycolysis. 112 Two years later, Chan and colleagues generated Mfn-null cells that showed a widespread heterogeneity of mitochondrial membrane potential and decreased cellular respiration, accompanied by poor cell growth. Consistently, knockdown of OPA1 also suppressed mitochondrial fusion and resulted in similar cellular defects. 38 In vivo, conditional knockout of Mfns induces mitochondrial fragmentation, defects in mitochondrial respiration, instability in mitochondrial DNA, and cell death or tissue degeneration in brain, skeletal muscle and heart. 41, 42, 113 Collectively, these studies have demonstrated convincing evidence that lack of mitochondrial fusion promotes mitochondrial fragmentation, resulting in functional defects in respiration and ATP production.
Somewhat surprisingly, suppression of mitochondrial fission induces functional defects in mitochondria similar to those caused by the lack of fusion. In this regard, Rossignol and colleagues showed that knockdown of Drp1 resulted in an extensively branching, filamentous mitochondrial network in HeLa cells, which nevertheless had significantly lower respiration and energy production. 114 In PTEN-induced kinase 1(Pink1)-knockout flies, mitochondria showed a significantly lower capacity of respiration and ATP synthesis due to decreases in electron transport chain complex I and IV activity and notably, the bioenergetic defect was corrected by expressing Drp1. It was suggested that lack of mitochondrial fission may cause defective assembly of the ETC complexes, leading to bioenergetics deficiency. 115 Consistently, Sesaki and Colleagues recently demonstrated that ablation of Drp1 from cerebellar Purkinje cells in mice led to abnormally elongated mitochondrial tubules, which became large spheres due to oxidative damage and lost respiratory function. 116, 117 Thus, suppression of either fusion or fission results in mitochondrial dysfunction, manifested by a reduction in respiration and ATP production. Conversely, a dynamic balance, and not fission or fusion alone, is important to the maintenance of mitochondrial function and long-term health.
Changes of mitochondrial dynamics and role in renal pathophysiology
Renal diseases, including acute kidney injury (AKI) and chronic kidney disease (CKD), are characterized by renal tissue injury and declines of renal function. Both AKI and CKD involve complex pathogenic mechanisms, in which mitochondrial pathology has been implicated. [118] [119] [120] [121] Notably, recent work has demonstrated emerging evidence for the alterations of mitochondrial dynamics in acute and progressive renal disease models, including renal ischemia-reperfusion, nephrotoxicity as well as hyperglycemia-induced kidney injury. 66, 122 Under these conditions, normal filamentous mitochondria in renal cells become fragmented and importantly, mitochondrial fragmentation has been demonstrated to contribute to mitochondrial damage and consequent cell death, suggesting a pathogenic role of mitochondrial fragmentation in relevant renal diseases.
Disruption of mitochondrial dynamics in AKI
AKI is a major kidney disease characterized by an abrupt decline in renal function, which is associated with significant in-hospital morbidity and mortality. Recent basic and epidemiological research further indicates that AKI contributes significantly to the development of progressive CKD. [123] [124] [125] [126] Depending on the primary causes, AKI is generally categorized as prerenal, renal or intrinsic, and postrenal AKI. Intrinsic AKI is the most common and severe subtype of AKI in hospitalized patients that is mainly induced by renal ischemia-reperfusion, sepsis and nephrotoxicity. With a complex, multiphasic and multifactorial pathogenesis, AKI is nevertheless precipitated by renal tubular cell injury and death. 118, 119, [127] [128] [129] For decades, mitochondrial damage has been recognized in renal tubular cell injury and death in AKI. 130, 131 While these earlier studies showed mitochondria damage as a key injurious event in tubular cell death, recent research has further established an active role of mitochondria in initiating and mediating cell death. This is well exemplified by apoptosis where mitochondria release apoptogenic factors to activate caspases for the execution of cell demise. Notably, such mitochondrial pathology has been detected in human kidneys. 132 Does mitochondrial dynamics play a role in mitochondrial damage and tubular cell apoptosis in AKI? To address this question, our recent work 66 monitored mitochondrial morphology in renal tubular cells during ischemic and cisplatin nephrotoxic AKI. The analysis revealed a rapid mitochondrial fragmentation upon AKI ( Figure 6 ). In cultured renal tubular cells subjected to ATP depletion or cisplatin treatment, mitochondrial fragmentation preceded MOMP as shown by cytochrome c release. Notably, the mitochondrial fission protein Drp1 was detected to be activated and translocated to the mitochondria early during tubular cell injury, and inhibition of Drp1 via a dominantnegative mutant or siRNA could block mitochondrial fragmentation as well as MOMP and apoptosis. Furthermore, in mouse models of AKI mitochondrial fragmentation was revealed by using 2D and 3D electron microscopy. Thirty minutes of renal ischemia followed by brief reperfusion induced mitochondrial fragmentation in 30-40% of proximal tubule cells. Importantly, mdivi-1, a pharmacologic inhibitor of Drp1, prevented mitochondrial fragmentation and protected kidneys against both ischemic and cisplatin nephrotoxic AKI 66 . This study has therefore provided compelling evidence for the role and regulation of mitochondrial dynamics in tubular cell injury and death in AKI, suggesting a novel strategy for the prevention and treatment of this kidney disease. The role of mitochondrial fragmentation in acute tissue damage has been confirmed recently by Ong et al. using an ischemic model of myocardial infarction. 133 Notably, Gall et al. 102 have recently established a conditional gene knockout model in which Mfn2 was specifically deleted from kidney epithelial cells. The mice from this model had 20% fewer nephrons, but were relatively normal in renal function. Primary proximal tubular cells isolated from these mice showed significant mitochondrial fragmentation and were highly sensitive to Bax activation, cytochrome c release and apoptosis following ATP-depletion. These findings provide further support for the involvement of mitochondrial dynamics in AKI.
Alteration of mitochondrial dynamics in chronic renal diseases
Despite recent research on the role and regulation of mitochondrial dynamics in other chronic diseases like neurodegeneration or coronary heart disease, very limited is known about its effect on chronic kidney diseases. Diabetic nephropathy is a leading cause of end stage renal disease, in which chronic hyperglycemia induces dysfunction in glomerular, tubular and interstitial cells of the kidney and ultimate progression to chronic renal failure. 121 Notably, renal cell apoptosis is frequently observed in kidney biopsies of diabetic patients, especially in tubular cells. 134 Our earlier work 122 demonstrated a drastically altered mitochondrial morphology along with cristae remodeling during tubular cell apoptosis in diabetic mouse kidneys by electron microscopy. Consistently, confocal microscopy revealed condensed mitochondrial fragments followed by cytochrome c release and apoptosis in highglucose treated tubular cells, implicating the change of mitochondrial dynamics and associated apoptosis in the development of diabetic nephropathy. 122 The latest study by Danesh and colleagues 76 has further demonstrated mitochondrial fragmentation during diabetic nephropathy. Remarkably, using elegant conditional gene knock-out and knock-in mouse models this study has unveiled a role of ROCK1 in Drp1 phosphorylation and activation, leading to mitochondrial fission and fragmentation in kidney cells. 76 Mitochondrial fragmentation has also been detected in kidney biopsies of diabetic human patients (Sun et al, unpublished) , further implicating a pathogenic role of the alterations in mitochondrial dynamics.
Mechanisms whereby mitochondrial fragmentation contributes to kidney diseases
Obviously, one pathogenic mechanism of mitochondrial fragmentation is by inducing damages in the outer and/or inner membranes of the organelles, resulting in cell death. As discussed above, in both ischemic and nephrotoxic models of AKI, mitochondrial fragmentation plays a critical role in the permeabilization of mitochondrial outer membrane with ensuing tubular cell apoptosis. Mechanistically, fragmented mitochondria are sensitized to Bax insertion, a key event in mitochondrial outer membrane permeabilization during apoptosis. 101 While cell killing is the predominant mechanism in acute, severe injury conditions, it is important to recognize that mitochondrial fragmentation may also have less dramatic yet chronic effects. Especially, as eluded earlier mitochondrial fragmentation may reduce respiratory chain activity and ATP production, culminating in dysfunction in cells and tissues. The decrease of mitochondrial function is known in a variety of kidney diseases. [135] [136] [137] For example, respiration complex dysfunctions have been widely documented in experimental models of ischemic and nephrotoxic AKI, leading to ATP depletion, ROS production, and cellular damage. 77, 138 More recent work by Schnellmann and colleagues further demonstrated a persistent disruption of mitochondrial homeostasis after AKI, as indicated by the loss of mitochondrial proteins. 139 In diabetic nephropathy, high glucose induced mitochondrial superoxide generation, a decline in cell ATP, and Complex I and III inactivation and deficiency. 140, 141 It remains unclear whether and to what extents mitochondrial fragmentation contributes to the mitochondrial dysfunction and cellular energetic deficits in these experimental models. However, we speculate that disruption of mitochondrial dynamics has a role in the pathogenesis of both acute and chronic kidney diseases. In the presence of severe injury, mitochondrial fragmentation directly participates in tubular cell death by triggering mitochondrial membrane permeabilization, while in the presence of moderate insult, mitochondrial fragmentation results in suboptimal respiration, declines in cell ATP, and tissue dysfunction.
Maintaining mitochondrial dynamics as a therapeutic strategy
The demonstration of mitochondrial fragmentation and its role in cell death suggests that maintaining or restoring mitochondrial dynamics may offer a novel strategy for the prevention and/or treatment of relevant diseases. In 2009, we tested this possibility in mouse models of AKI induced by renal ischemia-reperfusion and cisplatin nephrotoxicity. Upon AKI, Drp1 showed a rapid accumulation in mitochondria in renal tubular cells, accompanied by mitochondrial fragmentation. Mdivi-1, a pharmacological inhibitor of Drp1, had a partial inhibitory effect on mitochondrial fragmentation in these models. Importantly, mdivi-1 could partially, but significantly, protect against ischemic and nephrotoxic kidney injury as attested by the preservation of renal function and the inhibition of renal tissue damage and apoptosis. Consistently, in mice subject to coronary artery occlusion and reperfusion Ong et al. demonstrated that mdivi-1 inhibited mitochondrial injury and reduced cell death resulting in a marked decrease in myocardial infarct size. 133 Significant beneficial effects of Mdivi-1 were also shown during ischemic injury of mouse retina. 142 Collectively, these studies have not only provided in vivo evidence for mitochondrial fragmentation in disease conditions but also suggested a new therapeutic strategy. Of note, these studies were all conducted in acute injury models. Although pathological alternations of mitochondrial dynamics occur in chronic disease conditions such as diabetes, whether blockade of mitochondrial fragmentation is beneficial is largely unknown. Especially it may be concerning that a dynamic fission-fusion balance is essential to cellular homeostasis and thus disruption of fission in a pro-longed fashion may be toxic by inducing mitochondrial dysfunction, cell injury and tissue damage. Nevertheless, the latest work by Jheng et al. showed that inhibition of mitochondrial fragmentation with mdivi-1 could improve insulin signaling in skeletal muscles and systemic insulin sensitivity of obese mice. 143 Mdivi-1 was also effective in ameliorating neuropathic pain in several animal models. 144 In a rat model of diabetic nephropathy, the expression of Mfn2 was shown to decrease. 145 Although mitochondrial morphology was not examined in detail and the underlying mechanism remains unknown, adenovirus-mediated gene transfer of Mfn2 suppressed diabetic nephropathy-associated proteinuria and pathological changes in this study. 145 In addition, intensive research has been initiated to test the therapeutic potential of modulating mitochondrial dynamics for the treatment of neurodegenerative diseases such as Parkinson's disease and Alzheimer's disease. 146 More preclinical studies are expected to test the strategy of targeting mitochondrial dynamics for therapy in a variety of disease models. In addition, more efficacious and specific mitochondrial dynamics-modulating reagents are being investigated. 147 Together, these efforts may lead to the development of new and effective therapies.
Conclusions and Perspectives
Mitochondria are highly dynamic organelles that constantly undergo fission and fusion to maintain the homeostasis of the cell. The dynamics is orchestrated by a class of mitochondrial shaping proteins on the outer and inner membranes. During cell injury or stress, the dynamics is altered resulting in mitochondrial fragmentation, which contributes to MOMP at the outer membrane and cristae remodeling in the inner membrane resulting in the release of apoptogenic factors and cell death. The research in the last few years has shed significant new light on the regulation of mitochondrial dynamics by discovering the role of Bcl-2 family proteins and implicating the involvement of ROS, Ca2+/calcineurins, and related signaling pathways. Despite these findings, important and exciting new areas remain to be explored. For example, little is known about inner membrane fission during mitochondrial fragmentation in mammalian cells. Also it remains poorly understood how the fragmentation events at the outer and inner membranes are coordinated. In addition, the fate of fragmented mitochondria remains to be investigated. While mitochondria fragmentation is temporally reversible, consequent membrane permeabilization dictates "the point of no return". These mitochondria may be engulfed by autophogasomes via the process called mitophagy. The mechanistic connection and functional relationship between the regulation of mitochondrial dynamics and mitophagy remains to be delineated ( Figure 6 ).
Emerging evidence has suggested a pathogenic role of mitochondrial fragmentation in kidney diseases such as acute kidney injury and diabetic nephropathy. The mechanism responsible for the change of mitochondrial dynamics resulting in mitochondrial fragmentation under these disease conditions is largely unknown. Moreover, it is unclear how mitochondrial fragmentation interacts with other mitochondrial and cellular damage mechanisms to culminate in tissue pathology in these diseases. In ischemic and cisplatin nephrotoxic AKI models, blockade of mitochondrial fragmentation offers a renoprotective effect. 66 It remains to be tested whether similar approaches are effective in other kidney diseases. Further investigation of mitochondrial dynamics and its changes in kidney diseases may identify more specific and effective treatments. 
Figure 4. Mechanisms of mitochondrial fragmentation in cell death
Upon cellular stress, Drp1 is activated and translocates to mitochondria to initiate mitochondrial fission by form a spiral constriction ring. Meanwhile, Bak is activated resulting in a shift of binding to Mfn1 and arrest of mitochondrial fusion. Together, the activation of mitochondrial fission and the arrest of mitochondrial fusion result in mitochondrial fragmentation. Fragmented mitochondria are sensitized to Bax insertion and oligomerization to induce the formation of pathological pores, i.e. MOMP, to trigger cell death. Drp1 is regulated by multiple post-translational modifications that may be induced by the increases of intracellular Ca2+ and ROS. In addition, Ca2+ and ROS can trigger MPT to induce MOMP or, directly, necrosis. As a cytoprotective mechanism, autophagy may remove fragmented mitochondria via mitophagy to suppress cell death. 
